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摘   要 （一） 




达。近年的研究发现，TR3 能够负调控 MDM2 的蛋白表达水平。但是，其作用
机制仍然不清楚。通过研究，我们首次发现，TR3 对 MDM2 的负调控作用是由
p53 介导的。首先，TR3 能够直接结合 p53，而不与 MDM2 直接结合，并且 TR3
与 p53 的结合对其抑制 MDM2 蛋白表达是必需的。通过进一步的研究，我们发
现 TR3 通过与 p53 的结合阻断 p53 的乙酰化，从而抑制 p53 的转录活性，在转
录水平上导致 MDM2 基因表达的减少。另外，TR3 结合 p53 蛋白可以抑制 p53
被 MDM2 的泛素化降解，提高 p53 蛋白的稳定性，并导致 MDM2 自身泛素化降
解，揭示了 p53 在蛋白水平上介导 TR3 对 MDM2 的负调控。另外，紫外辐射诱
导的细胞调亡是由 p53 介导的。我们则发现，当 TR3 过表达时，p53 介导的紫外
对细胞调亡诱导作用显著增强，揭示了 TR3 对 p53 调控的生物学功能。总之，
我们的研究表明，p53 从转录水平和转录后水平可以介导 TR3 对 MDM2 的负调
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摘   要 （二） 




稳定性。在哺乳动物细胞中，DNA 依赖性蛋白激酶（DNA-PK）是参与 DNA 双
链断裂修复的核心蛋白。DNA-PK 是由 DNA 依赖性蛋白激酶催化亚基
（DNA-PKcs）和 Ku 蛋白调节亚基（包括 Ku70 和 Ku80）组成的蛋白复合体，
它还作为 p53 的上游信号分子，受 IR 激活并选择性调控 p53 依赖的 IR 诱导的细
胞凋亡。本论文研究发现，核孤儿受体 TR3 通过抑制 Ku80 的 DNA 末端结合活
性抑制了 DNA DSB 的修复，同时在肝癌细胞中 TR3 促进了 DNA-PK 诱导的 p53
的激活。首先，TR3 通过与 Ku80 结合，抑制了 Ku80 结合到 DNA 末端，从而
抑制了 DSB 的修复。另一方面，TR3 能够作为 DNA-PK 的新底物，以不依赖于
Ku80 的方式同 DNA-PKcs 结合，并被 DNA-PKcs 磷酸化。磷酸化的 TR3 反过来
增强了 DNA-PK 诱导的 p53 磷酸化与转录活性，从而提高 IR 诱导的肝癌细胞凋
亡。本论文的研究揭示了 TR3 在调控 DNA 修复以及 IR 诱导的肝癌细胞凋亡的
全新功能，揭示 TR3 可能是肿瘤放射治疗的一个全新靶点。 
 















Abstract (part one) 
p53 mediates the negative regulation of MDM2 
by orphan receptor TR3 
 
MDM2 is an oncoprotein whose transforming potential is activated by 
overexpression. The expression level of MDM2 is negatively regulated by orphan 
receptor TR3 that mainly acts as a transcriptional factor to regulate gene expression. 
However, the underlying mechanism is largely unclear. Here, we present the first 
evidence that inhibition of TR3 on MDM2 is mediated by p53. We found that TR3 
directly interacts with p53 but not MDM2, and such interaction is critical for TR3 to 
inhibit MDM2 expression. TR3 downregulates p53 transcriptional activity by 
blocking its acetylation, thereby leading to a decrease in the transcription levels of 
MDM2. Furthermore, TR3 binding to p53 obstructs its ubiquitination and degradation 
induced by MDM2, resulting in the MDM2 ubiquitination and degradation. In 
addition, TR3 could enhance p53-mediated apoptosis induced by UV irradiation. 
Taken together, our findings demonstrate that p53 mediates the suppression of TR3 on 
MDM2 at both transcriptional and post-transcriptional level and suggest TR3 as a 
potential target to develop new anticancer agents that restrict MDM2-induced tumor 
progression. 
 




















Abstract (part two) 
The orphan nuclear receptor TR3 enhances p53 transactivation 
and represses DSB repair under ionizing radiation 
 
In response to ionizing radiation (IR)-induced DNA double-strand break (DSB), 
cells elicit an evolutionarily conserved checkpoint response that induces cell cycle 
arrest, DNA repair or apoptosis, and thereby maintain genomic stability. A central 
enzyme involved in DSB repair in mammalian cells is DNA-dependent protein kinase 
(DNA-PK), which comprises a catalytic subunit (DNA-PKcs), and the Ku subunits 
Ku70 and Ku80 that act as the regulatory elements. DNA-PK also functions as a 
signaling molecule upstream of p53 to selectively regulate p53-dependent apoptosis in 
response to IR. In our current study, we demonstrate that the orphan receptor TR3 
suppresses DSB repair by blocking Ku80 DNA-end binding activity and promoting 
DNA-PK-induced p53 activity in hepatoma cells. We find that TR3 interacts with 
Ku80 and inhibits its binding to DNA ends, which then suppress DSB repair. On the 
other hand, TR3 is found to be a phosphorylation substrate of DNA-PK and also to 
interact with DNA-PKcs in a Ku80-independent manner. Phosphorylated TR3 in turn 
enhances DNA-PK-induced phosphorylation and the transcriptional activity of p53, 
thereby enhancing hepatoma cell apoptosis induced by IR. Taken together, our 
findings reveal novel functions of TR3, not only in DSB repair regulation, but also in 
IR-induced hepatoma cell apoptosis, and suggest that TR3 is a potential target for 
cancer radiotherapy.  
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第一章    前   言 
第一节 p53 研究进展 
1.1.1 概述 
p53 作为一个著名的肿瘤抑制因子，在细胞受到刺激条件下，包括癌基因的
激活和 DNA 损伤等，能够调控细胞的周期、衰老、凋亡等活动[1]。p53 的发现已




发生与 p53 基因突变相关[3]。p53 蛋白具有很短的半衰期，在正常哺乳动物细胞
中，泛素 E3 连接酶 MDM2 可以通过泛素蛋白酶体途径降解 p53，使 p53 维持在较
低的蛋白水平。但是，一旦细胞受到刺激，p53 的泛素化被抑制，使得 p53 蛋白
表达水平趋于稳定，在细胞中聚集并在核内形成同源四聚体[4]。作为转录因子，
激活的 p53 四聚体可以结合到 DNA 特异的序列上，激活或者抑制不同的靶基因转
录[5]。目前已经发现，p53 可以转录调控的基因超过 150 个，这些基因大部分都
与细胞周期阻滞、细胞凋亡和 DNA 损伤修复相关，表明 p53 在这一过程中主要功
能是预防受损细胞的进一步增殖来抑制癌症的发生。此外，p53 还可以通过直接





译后修饰导致了 p53 的稳定和激活，此时 p53 以四聚体的形式结合到靶基因上序
列特异性的 DNA 结合位点上，激活或者抑制靶基因的转录，使细胞产生不同的应
答，如凋亡、细胞周期阻滞或 DNA 修复等。当细胞不再需要 p53 的时候，p53 就
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图 1.1： p53 的活化与细胞应答（引自文献[7]） 
Fig.1.1 Activation of p53 and cellular response. Stress signals converge on p53 and activate 
various protein kinases and/or acetyltransferases, which phosphorylate or acetylate p53, 
respectively. These posttranslational modifications generally result in stabilization and activation 
of p53 in the nucleus, where p53 interacts with sequence-specific DNA binding sites of its target 
genes. The transcriptional activation leads to diverse cellular responses such as apoptosis, 
cell-cycle arrest or DNA repair. When p53 is no longer needed, it is targeted for ubiquitylation by 
MDM2 and moved out of the nucleus to be degraded by the 26S proteasome. p53 can also act 
outside of the nucleus to induce apoptosis by binding with anti-apoptotic proteins such as BCL2. 
 
1.1.2 p53 的结构 
p53 基因（20 kb）是位于人 17 号染色体短臂上一个单拷贝基因，包含 11 个
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质，分子量 53 kD。p53 蛋白结构包括 N 端、中间核心区域以及 C 端的多功能结
构域。如图 1.2 所示，p53 的 N 端包含转录激活区和 SH3 区域，中间为 DNA 结




图 1.2  p53 结构示意图（引自文献[7]） 
Fig.1.2 Structure of p53. The N-terminal portion consists of the transactivation domain and a Src 
homology 3-like (SH3) domain. The transactivation domain is required for transactivation activity 
and interacts with various transcription factors, acetyltransferases and the MDM2 ubiquitin ligase. 
The SH3 domain is a proline-rich domain required for interaction of p53 with SIN3, which 
protects p53 from degradation. The central core is made up primarily of the DNA-binding domain 
and the C-terminal end contains nuclear localization and export signals (NLS and NES, 
respectively), a regulatory domain and the tetramerization domain. Numbers indicate residue 
number. 
 
N 端转录激活区（Transactivation domain，TAD）除了与转录因子 TFIID 结
合而发挥转录激活功能外，还是许多转录因子、乙酰转移酶和 MDM2 泛素连接
酶的结合区域。Src homology 3-like(SH3)区域富含脯氨酸，能够与 SIN3 相互作
用，从而保护 p53 不被降解。中间核心区主要是 DNA 结合区（DNA-binding 
domain，DBD），能特异地结合靶基因中的顺式作用元件，调节靶基因的转录活
性。C 端包括核定位序列 NLS 和核输出序列 NES。C 末端调控区域（C-terminal 
regulatory domain）在 DNA 损伤时，招募其他蛋白到损伤部位，提供 DNA 损伤
信号[8]。四聚化区域（Tetramerization domain）位于氨基酸 324-355 区域，介导
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